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Abstract 
Back-contacted architectures have been under intensive investigation for that transparent 
conductive oxide (TCO) free can be easily realized which avoids the transmission loss of light 
caused by TCO, typically comprised in conventional solar cells (SCs). Here, network-like porous 
Ti was firstly utilized as the back-contacted electrode and a new design allows for a novel back-
contacted hybrid perovskite SC without TCO and hole selective layer, which shows a power 
output of 3.88% with long-term stability. In addition, it avoids limit available collection area of 
electrodes in the recent reported interdigitated electrode (IDE) based back-contacted TCO-less 
SCs. 
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1. Introduction 
Recent years have witnessed that hybrid perovskite (PVK) solar cells (SCs) have been 
identified as one of the most promising solar cells because of the high photoconversion 
efficiencies1-4. In the conventional perovskite SCs, transparent conductive oxide layer (TCO) is 
typically needed.  However, the TCO layer needs complex equipment and process but also leads 
to hampered incident light on the active layer while passing though the TCO layer. In order to 
provide an amicable solution for these issues, a back-contacted device5-7 architecture has been 
reported for the silicon-based solar cells8,9 and dye-sensitized solar cells10-12. In these proposed 
device architectures, both of the electrodes are located at the same side of the light absorber layer. 
Back-contacted PVK solar cells with quasi-interdigitated electrode (QIDE) have been recently 
reported having the photoconversion efficiency of 3.2%13. However, the adopted fabrication 
process includes photolithographic technology which one of the bottle-necks for the large scale 
production. In addition, hole selective layers (HSL) such as Spiro-
OMeTAD(N2,N2,N2′,N2′,N7,N7,N7′,N7′-octakis(4-methoxyphenyl)-9,9′-spirobi[9H-fluorene]-
2,2′,7,7′-tetramine), PTAA(Poly(bis(4-phenyl)(2,,4,6-trymethylphenyl)amine) and 
PEDOT:PSS(poly(3,4-ethylene dioxythiophene):poly(styrene sulfonate) typically comprised in 
PVK SCs are costly and unstable14. Here, we present a novel back-contacted perovskite (PVK) 
SCs without TCO and HSL.  
 
2. Experimental Section 
TCO & HSL free back-contacted hybrid perovskite SCs are composed of 
glass/mesoporous-TiO2 &PVK/porous-Ti with native oxide&PVK/mesoporous 
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ZrO2&PVK/gold. Figure 1 shows the schematic fabrication processes in detail. About 1 
μm thick mesoporous TiO2 layer (particle diameter: 250 nm) was deposited by spin-
coating on a glass substrate (Figure 1i) and successively sintered at 5000C for 1.3h 
(Figure 1ii). After that, network-like porous Ti (30nm-80nm thickness) was fabricated by 
sputtering (CFS-4EP-LL, Shibaura Mechatronics) with 250W power and Ti target in Ar 
atmosphere at room temperature with 5nm/min rate. Here, on the non TiO2 area, normal 
compact Ti layer was formed. (Figure 1iii) demonstrated the importance selection of 
rather larger 250nm diameter of TiO2 for fabricating network-like porous Ti layer. During 
this step, a thin native oxide layer (compact TiO2) was automatically formed on the Ti 
surface.  
Then a mesoporous ZrO2 layer with thickness of about 150 nm (particle diameter: 30 
nm) was spin-coated (Figure 1iv) and annealed at 4000C (Figure 1v) for 1h-2h. This 
annealing step not only led to annealing of ZrO2 but also formed the thermally oxidized 
Ti to increase the thickness of the compact native oxide layer on the surface of Ti metal. 
The temperature we adopted is below the melting point of Nano Ti layer to aovid the 
completely evaporation of the Ti layer. And it maintain a good oxidation effect15. Two-
step spin-coating method was adopted for the preparation of CH3NH3PbI3 perovskite 
layer (Figure 1vi). First, 460 mg of PbI2 in 1 ml N,N-dimethylformamide (DMF) and 500 
mg of CH3NH3I (MAI) in 60 ml isopropanol (IPA) were prepared and kept at 70
0C and 
room temperature, respectively. This sequential two step deposition method has been 
reported for the preparation of PVK crystals giving the high photovoltaic performance16,17. 
Samples were prepared by first spin-coating from PbI2 solution (500 rpm for 5s, followed 
by 6000 rpm for 10s) and then kept at 700C for 30 min. It is worth to mention here that in 
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the beginning after application of 80μl PbI2 solution, it was allowed for 1 min of waiting 
in order to give enough time for spreading of PbI2 solution over triple porous layers. PbI2 
coated samples were then immerged in MAI solution for 30s for the completely reaction 
with PbI2, and then quickly immerged in IPA for 20s to remove the remaining MAI. To 
complete the device fabrication, 100 nm thick gold was finally deposited by thermal 
evaporation. Solar cell performances were evaluated using a solar simulator (CEP-
2000SRR, Bunkoukeiki Inc., AM 1.5G 100 mWcm-2) and a black mask on top of the 
devices with exposure area 0.12 cm2 was always used during the photovoltaic 
measurements.  
 
 
Figure 1 Schematic of fabrication process of TCO & HSL free back-contacted hybrid 
perovskite solar cell. 
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3. Results and discussion 
Figure 2a shows the architecture of TCO&HSL free back-contacted hybrid perovskite SCs. In 
this architecture, light comes from the glass side and is absorbed by PVK filled in TiO2 layer 
(Figure 2a iii).  Both electrodes Ti and gold are in the same side of the absorber layer. TCO 
typically comprised in the sandwich structure of conventional PVK SCs (Figure 2b), which is no 
more necessary in back-contacted structures,10,11 is omitted. It avoids the transmission loss 
caused by TCO. Electrodes located in two separated layers have more available collection areas 
than the IDE based back-contacted SCs, in which two sets of electrodes are narrowed in one 
layer. Network-like porous Ti (Figure 2a ii) is utilized as the back-contacted electrode near the 
absorber layer because Ti and native oxide on the surface can selectively collect electrons while 
the generated hole-carriers are available to diffuse in the PVK filled inside the porous and 
collected by gold electrode. In order to isolate two electrodes, mesoporous ZrO2 (Figure 2a i) is 
inserted between them, which can effectively avoid the short cut pathway. 
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Figure 2 (a) Schematic of TCO & HSL free back-contacted hybrid perovskite solar cell. In the 
structure, layer i ,ii and iii are mesoporous ZrO2 filled with PVK,  network-like porous Ti with 
native oxide filled with PVK, mesoporous TiO2 filled with PVK, respectively. (b) Schematic of 
conventional PVK solar cell. 
 
Figure 3 shows the carrier collection mechanism on energy diagram. The conduction 
bands of PVK, compact native oxide layer on Ti (compact TiO2), and Ti are -3.9 eV, -4.0 
eV, -4.3 eV, respectively, forming a smooth electron transfer interface. Since PVK fills 
nanopores of consecutively fabricated TiO2 layer, Ti layer and ZrO2 layer, photogenerated 
holes diffuse in the PVK filling these triple porous layer, and are finally collected by Au 
electrode.  In addition, holes are kicked out from the porous Ti electrode surface because 
of the deeper valence band (-7.2 eV) of TiO2 than that of PVK, and are selectively 
collected by Au electrode. 
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Figure 3 Band diagram of the TCO&HSL free back-contacted hybrid perovskite SC. 
Energies are expressed in electron volts from vacuum level. 
 
The holes and electrons diffuse in the same direction as shown in Figure 2.  Therefore, 
there is possibility of the enhanced recombination of these carriers in this device 
architecture. Therefore, the whole architecture is very important, especially the structure 
of back-contacted electrode, which has a sufficient influence on the collection and 
separation of carriers. The scanning electron microscopic (SEM) images (Figure 4) 
shows that this network-like porous Ti possesses  about 250 nm gaps (Figure 4a and 
Figure 4b), which is quite suitable, considering electron diffusion length of 1 micron.  
The interconnected Ti structure enable high conductivity for collecting electrons. In 
addition, the interconnected Ti structure can keep the pass of PVK (Figure 4d) for 
carrying holes. Furthermore, compared to the preparation of TCO, the involved 
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fabrication method, which utilize isotropic deposition of high power pulsed magnetron 
sputtering on relative large TiO2 (Dimension: 250nm),18,19 is very simple. 
 
 
Figure 4  (a) SEM image of network-like porous Ti on porous TiO2 layer (diameter: 
250nm), (b) Expanded SEM image of network-like porous Ti on porous TiO2. In the SEM 
image of porous Ti fabricated on porous titania layer (top view), porous titania particles 
can be seen in the area uncovered by networked Ti. (c) Cross section SEM image of TCO 
& HSL free back-contacted perovskite SCs including triple mesoporous layers filled with 
PVK and (d) Top view SEM image of perovskite on ZrO2/PVK layer. 
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The SEM cross-section of the complete device (Figure 4c) shows four obvious layers 
including 1 μm TiO2, 30 nm-80 nm Ti and 150 nm ZrO2 porous layers.  Total thickness of this 
triple porous layers is about 1.2 μm. The maximum length of the generated hole-carriers 
diffusing to gold electrode are, therefore, in the same range of the reported diffusion length in 
perovskites which ensure the facile diffusion of hole-carriers20-23. In the back contacted solar 
cells, sheet resistance plays a crucial role for efficient charge collection. Sheet resistance 
measured by the four point probe method (Figure 5a) indicates that sheet resistance decrease 
with increasing thickness and saturates after 60 nm thickness having sheet resistance of 11 
ohms/sq.  
 
Figure 5 (a) Dependence of the thickness on the sheet resistance of Porous Ti layer on 
porous TiO2 layer. (b) Dependence of baking time on the statistical sheet resistance of 
network-like porous Ti with 60nm thickness on porous TiO2 layer. 
 
As shown in Figure 2 and Figure 3, light is introduced from TiO2 (Figure 6) side. The 
porous TiO2 does not have more light absorption in the area longer than 400nm compared 
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to the reported TiO2 (size: 30nm). The large size (250 nm diameter) of TiO2 nanoparticles 
in the porous TiO2 layer scatters light (about 20-25 % reflectance) as shown in Figure 6, 
which works as light confinement layer. 
 
Figure 6 (a) Light absorption and (b) reflectance spectrum of mesoporous TiO2 (250nm) 
on glass. 
 
The native TiO2 layer fabricated on Ti by thermal treatment is necessary for suppressing 
charge recombination. The baking conditions also affect the resistivity (Figure 5b). The 
resistivity increased as the baking time became longer.  The slow increase of the rate of 
the sheet resistance of the Ti electrode with the increasing oxidation time after 1.6 h 
indicates that Ti surface is almost completely covered with oxide layer.  Formation of 
TiO2 blocking layer on Ti metal is a conflicting issue to decreasing resistivity of Ti metal.   
In order to optimize TCO & HSL free back-contacted structure, systematic 
investigations concerning the Ti thickness and the thermal oxidation time was conducted 
aiming at their implications on the photovoltaic performances. We measured power 
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conversion efficiency (PCE), short-circuit current density (Jsc), fill factor (FF) and open-
circuit voltage (Voc) four main parameters of performance of SCs respectively. A perusal 
of the results shown in the Figure 7 reveals that Ti thickness of 60 nm was optimum 
giving the highest efficiency. Ti thickness < 60 nm has been found to give drastically 
hampered efficiency for the electron collection, because of the sharp increase of the sheet 
resistance of thinner Ti layer (Figure 5a). At the same time, thickness >60 nm obviously 
reduce PCE, FF, Jsc and Voc (Figure 7c) because the size of porous gap of thicker Ti 
layer becomes smaller and more compact, which seriously decreases the amount of filled 
perovskite crystals and blocks the facile diffusion of hole-carriers10,11.  Keeping this 
optimum thickness of 60 nm in mind, thermal oxidation time was also optimized from 1h 
to 2h (Figure 7b and Figure 7d). An obvious changes in the photovoltaic parameters 
such as efficiency, Jsc, Voc and FF demonstrate that thermal oxidation time is very 
crucial for controlling the device performance by forming a completely covered compact 
oxide layer on Ti metal, which is the key factor for selectively collecting electrons. The 
optimized thermal oxidation time was found to be 1.8 h. Prolonged oxidation resulted in 
to the thinner Ti metal electrode with higher resistance leading to reduced device 
performance. 
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Figure 7 Dependence of thickness of network-like porous Ti upon the photovoltaic 
parameters such as (a) Voc, FF and (c) PCE, Jsc. Dependence of thermal oxidation time 
on  (b) Voc, FF and (d) PCE, Jsc. 
 
In the case of our newly proposed device structure of TCO & HSL free back-contacted 
hybrid perovskite SCs having optimized 60 nm thick network-like porous Ti and 1.8 h of 
thermal oxidation time, J-V characteristics in two scan modes with illumination at 1 Sun 
shown in the Figure 8a. During the measurement, devices were covered with mask with 
light exposure area of 0.12 cm2. In forward scan mode (0V → Voc), the values of the Jsc, 
Voc and FF were found to be 7.07 mA/cm2, 0.84 V and 0.66, respectively. In reverse scan 
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mode (Voc → 0V), Jsc, Voc and FF were 7.10 mA/cm2, 0.83 V and 0.66, respectively. 
The PCEs of the device in both of the forward as well as reverse scan mode are 3.88 %, 
which do not show obvious so-called hysteresis phenomenon reported frequently in the 
perovskite solar cells24,25. 
 
 
Figure 8 (a) J-V curves of the devices under simulated AM 1.5 solar irradiation measured 
at room temperature. i) reverse scan, ii) forward scan, iii) dark mode and iv) device with 
spiro-OMeTAD. (b) IPCE and integrated photocurrent of the devices in the presence and 
absence of spiro-OMeTAD. Photovoltaic performance change during storage of (c) TCO 
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and HSL free back-contacted perovskite solar cells and (d) perovskite solar cells with 
sipro-OMeTAD under light intensity of 100 mW cm-2. 
 
We inserted HTM (spiro-OMeTAD) between mesoporous ZrO2/PVK and gold 
electrode to further characterize the separation of generated carriers in ZrO2 layer. IV in 
Figure 8a shows the observed PCE of 4.02 % which was a little larger than 3.88% of the 
device without HTM. A small difference in the photovoltaic performance along with the 
Incident photon to current conversion efficiency (IPCE) as shown in the Figure 8b 
indicates nearly complete separation of generated carriers in TCO & HSL free back-
contacted structure.  
Finally, the operational stability were tested under light intensity of 100 mW cm-2 in 
ambient conditions with complete devices without encapsulation. Data is recorded every 
120 hours. As shown in Figure 8c and Figure 8d, in the absence of HTM, the PCE of 
devices decay 9.6% over 1080 hours show an excellent stability and the devices with 
Spiro-OMeTAD decay more sharply. This is because of the instability of Spiro-OMeTAD. 
After 480 hours the performance of the device without HTM even exceed the devices 
with Spiro-OMeTAD. Under encapsulation, more stable cell performance is expected. 
Compared to the conventional structure, the performance is still low.  One of these 
reasons may be the relatively higher sheet resistance, 17.5 ohms/sq of network-like 
porous Ti with oxide on the surface compared to that of around 10 ohms/sq for TCO 
substrate usually used in solar cells.  In addition, the whole path of triple layers structure 
for hole collections through PVKs filling porous may be too long. Higher efficiency can 
be expected by optimization the triple layers and replace the Ti with more conductivity 
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metal (such as Zn), on which oxide layer can be utilized as electron selective layer for 
perovskite with higher mobility. 
 
4. Conclusion 
In conclusion, we have demonstrated a novel back-contacted perovskite solar cell device 
architecture without using TCO and HSL having PCE of 3.88% under simulated solar irradiation. 
This architecture avoids the transmission loss caused by TCO, and shows a long-term stability. 
We have demonstrated the formation of network-like porous Ti electrode.  This was 
accomplished by sputtering Ti on TiO2 layer with bigger particle size which overcomes the too 
compact gaps.  Furthermore,   PVK crystals filled in nanopores in triple porous structure and the 
native oxide on the network-like porous Ti are very important for collection and separation of 
carriers. Effect of Ti thickness and thermal oxidation time on the performance of SCs indicated 
that the completely covered compact native oxide on Ti is crucial for the reduction of charge 
recombination between electrons in Ti and holes in PVK. Additionally, better performance can 
be expected by solving the bottleneck of poor conductivity of Ti, and giving optimized 
architectures of PVK layers filling the nanopores of porous triple layers. This work may have a 
great meaning for the further back-contacted perovskite SCs.  
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